In order to explore the factors affecting coal spontaneous combustion, the fractal characteristics of coal samples are tested, and a pore-scale model for oxygen adsorption in coal porous media is developed based on self-similar fractal model. The liquid nitrogen adsorption experiments show that the coal samples indicate evident fractal scaling laws at both lowpressure and high-pressure sections, and the fractal dimensions, respectively, represent surface morphology and pore structure of coal rock. The pore-scale model has been validated by comparing with available experimental data and numerical simulation. The present numerical results indicate that the oxygen adsorption depends on both the pore structures and temperature of coal rock. The oxygen adsorption increases with increased porosity, fractal dimension and ratio of minimum to maximum pore sizes. The edge effect can be clearly seen near the cavity/pore, where the oxygen concentration is low. The correlation between the oxygen adsorption and temperature is found to obey Langmuir adsorption theory, and a new formula for oxygen adsorption and porosity is proposed. This study may help understanding the mechanisms of oxygen adsorption and accordingly provide guidelines to lower the risk of spontaneous combustion of coal. physical adsorption of coal to oxygen during spontaneous combustion is one of the causes of spontaneous combustion. Therefore, the study on coal oxygen adsorption can help to understand the mechanisms of coal spontaneous combustion [1] [2] [3] .
Introduction
The spontaneous combustion of coal in the process of production, storage and transportation seriously threatens the safety of the coal industry. And the exploration of governing laws for the spontaneous combustion in coal is of practical significance for coal energy. A large amount of research results indicates that the of coal porous media are difficult to characterize with traditional Euclidean geometry. Fortunately, fractal geometry indicates evident advantages in characterizing disorder and irregular objects and has made major breakthroughs in many research fields. A considerable number of studies have shown that natural porous media exhibit statistically self-similar fractal features, and the pore structures can be described by fractal theory [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] . Thus, liquid nitrogen adsorption experiments were carried out on six different coal samples to study the fractal characteristics of coal.
The fractal dimension of coal pore structures can be calculated using the Frenkel-Halsey-Hill (FHH) equation [53] ln
where P and P 0 , respectively, represent equilibrium and saturation pressure, V is the volume of adsorbed gas and A and B are the slope and constant of the fitted line. Two fractal dimensions D 1 and D 2 were calculated by fitting the liquid nitrogen desorption curve shown in figure 1 at low-pressure and high-pressure sections, respectively. The fractal dimensions for six coal samples are summarized in table 1. It can be seen from figure 1 that the liquid nitrogen desorption curve indicates clear fractal scaling laws in both low-pressure and high-pressure sections. In the low-pressure section, van der Waals force is the main adsorption force. And the gas adsorption capacity relates to the surface roughness of the coal sample. Thus, the fractal dimension D 1 for the low-pressure section represents the surface fractal dimension of the porous material. While the gas adsorption in the high-pressure section mainly depends on the capillary condensation, and the adsorption capacity is related to the pore structure of coal sample. That is the fractal dimension D 2 for high-pressure section represents the fractal dimension of pore structure. According to the concept of fractal, the value of fractal dimension in three-dimensional spaces is generally in the range from 2.0 to 3.0. It can be seen in table 1 that the fractal dimension of coal surface D 1 varies from 1.80 to 2.96. The determination of fractal dimension depends on the relative pressure (P/P 0 ), which is empirically assigned to be 0.5. As shown in figure 1a , the critical pressure for surface and pore fractal dimensions is not evident. That is one of the main reasons that D 1 for coal sample #1 is smaller than 2.0. The fractal dimension for coal pore structure D 2 varies from 2.45 to 2.82. It should be noted that the pore fractal dimension in twodimensional space equals the pore fractal dimension in three-dimensional space minus one if the area porosity is assumed to be the same as volume porosity [54, 55] . Thus, the pore fractal dimension in two-dimensional space is in the range from 1.0 to 2.0.
Numerical simulation
It has been shown in §2 that the pore structures of coal samples indicate fractal scaling laws in both lowpressure and high-pressure sections. Therefore, the self-similar Sierpinski carpet model was used to simulate the microstructure of coal porous media and develop a pore-scale model for transient oxygen adsorption. As shown in figure 2 , the coal structures can be generated by the Sierpinski carpet model. The side length L 0 and cut side length C 0 can be changed so that a porous medium model with different fractal dimensions and porosity can be generated with recursive algorithm. The fractal dimension of the Sierpinski carpet model can be determined by [56] 
The porosity of the Sierpinski carpet model depends on both iteration methods and times [57] f ¼
where n = 1, 2, 3 … N is a positive integer and represents the order of the Sierpinski carpet model. It can be found from equation (3. 2) that the porosity depends on side length and cut side length as well as iteration order. Therefore, the actual coal sample can be simulated by changing the side length or truncating the side length and the fractal order. Due to computer capacity limitations, only five generations of the Sierpinski carpet model were simulated. For the two-dimensional Sierpinski carpet model, its fractal dimension is in the range of 1 to 2 [58, 59] . In the following numerical simulation, Figure 1 . The liquid nitrogen desorption curve for six coal samples. are, respectively, the molecular species in the gas and adsorbed on active sites, k f and k r are forward and reverse rate constants. The rate of adsorption of molecules is proportional to both the fraction of free surface sites (1 − θ) and the partial pressure of the species ( p A ), which can be expressed by r ads = k f p A (1 − θ). While the rate of molecule desorption is proportional to the fraction of active sites occupied by adsorbed molecules (θ) and can be expressed with r des = k r θ. To set up transport and reaction equations in terms of bulk gas concentration (c) and surface concentration (c s ), the fraction of adsorbed molecules and partial pressure can be, respectively, substituted by [60, 61] u ¼ c s G s ð3:3Þ
and
where Γ s is total concentration of the active surface of the material, R is the gas constant and T is the temperature. Thus, the adsorption and desorption rates can be, respectively, written as
where k ads = k f RT/Γ s and k des = k/Γ s are the rate constant of adsorption and desorption reactions, respectively. The material balance for the surface diffusion and reaction rate is governed by the following equation
where D s represents surface diffusivity. It can be also written as
The convection-diffusion equation was employed to model the transport in the bulk of the porous media @c @t r Á (ÀDrc þ cu) ¼ 0, ð3:9Þ
where D denotes the diffusivity of the reacting species, c is the concentration and u is the velocity. The coupling between the mass balance in the bulk and the surface reaction is obtained as a boundary condition in the bulk's mass balance. The initial conditions for the concentration in the bulk are c s = 0 and c = c 0 . The velocity in x-direction equals 0 while in y-direction it is from the analytical expression for fully developed laminar flow between two parallel plates
where δ is the plate spacing and v max is the local maximum speed. Insulating conditions were imposed on the surface species
The boundary condition on the active surface couples the rate of the reaction on the surface with the flux of the reacting species and the concentration of the adsorbed species and bulk species n Á (ÀDrc þ cu) ¼ Àk ads c(G s À c s ) þ k des c s :
ð3:12Þ
The boundary conditions for the inlet (bottom side) and outlet (top side) were set to be c = c 0 and n Á (ÀDrc þ cu) ¼ n Á cu, respectively. The insulation boundary condition for the bulk problem was n Á (ÀDrc þ cu) ¼ 0. Oxygen was selected as the adsorption gas, and the initial concentration was 9.353 mol m −3 . The dilute mass transfer module in COMSOL Multiphysics was used to solve the transient oxygen adsorption in the two-dimensional Sierpinski carpet models. The mesh was controlled by a physical mesh in which a free triangle mesh was used. The independence of the grid has been analysed and is shown in figure 3 . It can be found that the meshing strategy with the maximum mesh smaller than 0.5 µm provides satisfactory solution for the example shown. In order to validate the present fractal model for gas flow in porous media, the predicted oxygen uptake was compared with available experimental data and lattice Boltzmann method (LBM) simulation. As shown in figure 4 , the fractal model indicates acceptable agreement with shale adsorption data [58] royalsocietypublishing.org/journal/rsos R. Soc. open sci. 7: 191337 and liquid nitrogen adsorption data [60] as well as LBM results [62] . However, the predicted oxygen uptake is slightly higher than that of shale adsorption and LBM results. It may be attributed to neglecting the isolated pores in the present numerical simulation. Because of the difference of adsorption gas, the current results for oxygen uptake are smaller than that of liquid nitrogen adsorption data.
Results and discussion
The numerical results show that the rate of oxygen adsorption is very fast, it reaches steady state in nearly 2 s. It can be seen from figure 5 that the oxygen adsorption increases as the fractal dimension increases at the same time. Larger fractal dimension corresponds to higher porosity, larger pore surface area and stronger compressibility, and thus, the adsorption capacity of coal is stronger. Also, the adsorption LBM numerical simulation [62] Sierpinski numerical simulation coal oxygen adsorption experiment [62] shale methane adsorption experiment [58] liquid nitrogen adsorption experiment [60] Sierpinski curve fitting porosity Figure 4 . A comparison of predicted oxygen adsorption with experimental data and numerical results.
royalsocietypublishing.org/journal/rsos R. Soc. open sci. 7: 191337 rate increases with the increment of fractal dimension. The higher the adsorption rate, the lower the permeability of coal porous media. The oxygen adsorption increases as gas concentration increases in the porous medium with low permeability. As can be seen from figure 6 , the edge effect can be clearly seen near the cavity, where the concentration is lower than other locations. While the concentration near the outlet is high due to the diffusion effect. Increased iteration number leads to low porosity, and the concentration decreases. For the same order of the Sierpinski carpet model, increased cut side length (C 0 ) induces porosity and concentration to decrease. Further calculation indicates that the oxygen adsorption increases as the porosity increases ( figure 7) . This is because that coal porous media with large porosity structure has loose structure and strong physical adsorption capacity. On the contrary, coal with small porosity tends to be dense and the oxygen adsorption capacity is low. According to the experimental data by Yu [62] , the oxygen adsorption of coal samples is negatively correlated with the temperature from 30 to 70°C, and it is positively correlated with porosity. This is consistent with the present simulation results. It can be seen from figure 7 that the relationship between oxygen adsorption and porosity can be described by Q = 8.73 × 10 −8 + 2.65 × 10 −7 ϕ + 1.04 × 10 −6 ϕ 2 . It has been found that the oxygen adsorption depends on fractal dimension and porosity as well the ratio of minimum to maximum pore sizes, which can be related by the following formula [54, 55] :
where the Euclidean dimension d E = 2 in a two-dimensional model. It can be seen from figure 8 that the ratio of minimum to maximum pore sizes shows important influence on the oxygen uptake. The fraction where p is the gas equilibrium pressure, M is the gas adsorption amount per unit mass of solids, R is the gas constant and T is temperature. The numerical results on the two-dimensional Sierpinski carpet model fit well with Langmuir equation. It is seen from figure 9 that the amount of oxygen adsorption decreases as the temperature increases. This is because the kinetic energy of oxygen molecules increases with the increase of ambient temperature, and the attraction between coal surface and oxygen hardly changes with temperature. Accordingly, oxygen is easily desorbed from the coal surface, and the amount of oxygen adsorbed by coal reduces. The temperature can activate oxygen desorption, and the higher the temperature, the more free oxygen and the less adsorbed gas [63] . Physical adsorption is an exothermic reaction, and the adsorption amount decreases as the adsorption temperature increases. That is why the adsorption process is easier to carry out at low temperature.
Conclusion
According to the liquid nitrogen adsorption experiment, the pore structures of coal samples indicate evident fractal characteristics. The fractal dimensions for low-pressure and high-pressure sections are, respectively, in the range of 1.80-2.96 and 2.45-2.82. Therefore, pore-scale model has been developed by employing the two-dimensional Sierpinski carpet model in order to study the oxygen adsorption performance of coal porous media, which agree well with available experimental data and LBM simulation. It has been found that the rate of oxygen adsorption is very fast and reaches steady state in nearly 2 s. The effect of pore structures and temperature on oxygen adsorption were discussed in detail. The oxygen adsorption increases with increased porosity, fractal dimension and the ratio of minimum to maximum pore sizes. A new relationship between oxygen adsorption and porosity Q = 8.73 × 10 −8 + 2.65 × 10 −7 ϕ + 1.04 × 10 −6 ϕ 2 was proposed based on present numerical results. The correlation between the oxygen adsorption and temperature was found to be consistent with Langmuir adsorption theory. Due to the limitations of numerical simulation, it is impossible to realistically simulate the pore structure of coal and the real state of the environment. It should be noted that the present results are only valid for coal samples with statistically fractal scaling characteristics. The current work may help to understand the mechanism of coal oxygen adsorption and provides a useful reference for strategies to reduce the risk of spontaneous combustion of coal.
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